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The framework
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5D 2HDM: a SU(2) × U(1) bulk gauge theory, with two
scalars and fermions living in the bulk or on the brane.

(Antoniadis, Benakli; Masip, Pomarol; Nath and Yamaguchi; Rizzo, Wells, De

Curtis, Casalbuoni, D., Gatto; Delgado, Pomarol, Quiros; Strumia, Muck, Pilaftsis,

Rückl)

✦ The fifth is a compactified orbifold S1/Z2 (a circle with
the identification y → −y, y ∈ [0, πR]), and flat metric

✦ Large extra dimension: the scale of the compact dimension
R ∼ TeV−1

✦ KK excitations mix with W and Z, modify their couplings
and masses

✦ KK excitations induce new four fermion operators

✦ From high precision electroweak data M ≡ R−1 ∼ 2 − 6
TeV depending on the model, fermion localization...

✦ Very interesting possibility: can be tested in future colliders
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5D 2HD models
The 5D lagrangian is given by (Delgado, Pomarol, Quiros)

L5D = − 1

4g2
5

F 2
MN − 1

4g′2
5

B2
MN +

+
∑

i

(1 − εΦi)|DMΦi|2 +
∑

ψ

(1 − εψ)iψ̄ΓMDMψ

+
[ ∑

i

εΦi|DµΦi|2 +
∑

ψ

εψiψ̄σµDµψ
]
δ(y)

where ε defined as εF = 1 (0) for the F -field living in the
boundary (bulk); DM = ∂M + iVM , M = (µ, 5).

The fields living in the bulk even or odd under the Z2-parity,
i.e. φ±(y) = ±φ±(−y).
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Fourier-expansion as

φ+(x, y) =
∞∑

n=0

cos
ny

R
φ

(n)
+ (x) ,

φ−(x, y) =
∞∑

n=1

sin
ny

R
φ

(n)
− (x)

where φ
(n)
± are the KK excitations of the 5D fields. Gauge and

Higgs bosons living in the 5D bulk will be assumed to be even
under the Z2.

Fermions in 5D have two chiralities, ψL and ψR: choose the
even assignment for the ψL (ψR) components of fermions ψ,
which are doublets (singlets) under SU(2)L. As a consequence
only the ψL of SU(2)L doublets and ψR of SU(2)L singlets
have zero modes.
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After integrating over the fifth dimension, in the charged sector:

Lch =
2X

a=1

h1

2
m2

W

(
W 2

a + 2
√

2s2
α

∞X
n=1

Wa · W (n)
a

)
+

1

2
M2

∞X
n=1

n2 (W (n)
a )2

− g Wa · Ja − g
√

2JKK
a ·

∞X
n=1

W (n)
a

i

Jaµ =
X

ψ

ψ̄Lγµ
σa

2
ψL , JKK

aµ =
X

ψ

εψLψ̄Lγµ
σa

2
ψL ,

with s2
α = εΦ2 s2

β + εΦ1 c2
β, tan β = 〈Φ2〉/〈Φ1〉. In the neutral sector

Lneutral =
1

2
m2

Z

(
Z2 + 2

√
2s2

α

∞X
n=1

Z · Z(n)

)
+

1

2
M2

∞X
n=1

n2
h
(Z(n))2 + A(n) · A(n)

i

− e

sθcθ

"
Z · JZ +

√
2

∞X
n=1

Z(n) · JKK
Z

#

− e

"
A · Jem +

√
2

∞X
n=1

A(n) · JKK
em

#

Jµ Z =
X

ψ

ψ̄γµ(gψ
V + γ5gψ

A)ψ , JKK
µ Z =

X

ψ

ψ̄γµ(gψ,KK
V + γ5gψ,KK

A )ψ

JKK
µ em =

X

ψ

ψ̄γµ(gψ,KK
em,V + γ5gψ,KK

em,A )ψ
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For momenta p2 ∼ M2
W ¿ M2

c we can integrate out the KK
modes W (n)

a , Z(n), A(n) using their equations of motion and
neglecting their kinetic terms:

Lch
a, eff =

1

2
M2

WW
2
a −gWa·[Ja − s2

α c
2
θ X JKK

a

]− g2

2m2
Z

X JKK
a ·JKK

a

where

Lneutral
eff =

1

2
M2

Z Z
2 − e

sθ cθ

Z · [
JZ − s2

αX JKK
Z

] − eA · Jem

− 1

2M2
Z

e2

s2
θ c

2
θ

XJKK
Z · JKK

Z − e2

2M2
Z

X JKK
em · JKK

em

where

M2
W =

[
1 − s4

αc
2
θX

]
m2

W M2
Z =

[
1 − s4

αX
]
m2

Z

X =
π2

3

m2
Z

M2
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Electroweak bounds on M = R−1

(Delgado, Pomarol, Quiros)
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c(

T
eV

)

95% CL lower bounds on M corresponding to the case εΦ1 = 1, εΦ2 = 0,
εqL = ε`L = εuR = 1 (solid), εΦ1 = 1, εΦ2 = 0, εqL = εuR = εeR = 1
(short-dashed), εΦ1 = 0, εΦ2 = 1, εqL = ε`L = εdR = εeR = 1 (long-dashed)
and εΦ1 = εΦ2 = 0, εqL = ε`L = εuR = εdR = εeR = 1 (dash-dotted). Thin
(thick) lines correspond to SM (MSSM) 5D extensions.

9-17-2009

Workshop on Multi-Higgs Models, Lisboa

5D spontaneously broken 2HD Models (page 9) DanieleDominici

Florence University



Atlas Simulation (Azuelos, Polesello)
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M2 MKK=4 TeV

Invariant mass distribution of e+e− pairs for the Standard Model (full line) and for
models M1 (dashed line) and M2 (dotted line). The mass of the lowest lying KK
excitation is 4 TeV. The histograms are normalized to 100 fb−1.
Peaks visible up 5.8 TeV with 100 fb−1.
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Equivalence Theorem for 5D 2HDM
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Equivalence theorem in the SM
(Lee, Quigg, Thacker; Cornwall, Levine, Tiktopoulos; Chanowitz, Gaillard)

At high energy

T (VL, VL, ...) = T (GV , GV , ...) + O(MV /E)

with VL = WL, ZL and GV = GW , GZ their associated
Goldstones.

Very useful

Amplitudes with complicated longitudinal fields replaced by
amplitudes with simple scalar fields.
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Sketch of the proof
Trick to prove the ET: identify the G, or the gauge fixing

LGF =
1

2ξ
F (x)2 =

1

2ξ
(∂µV

µ(x) − ξMG(x))2

and the identity

< A, out|T [F (x1)....F (xn)]|B, in >con= 0

Passing to S matrix elements, taking into account the relation
between the inverse propagators of Goldstones and vectors
and the property

εL
µ ∼ pµ

M
⇒ VL ∼ G

T (VL, VL, ...) = T (GV , GV , ...) + O(MV /E)
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A 5D two Higgs model
Consider a 1 Bulk Higgs, 1 Brane Higgs model

∫ πR

−πR

dy

∫
dx

{
− 1

4
BMNB

MN − 1

4
F a

MNF
aMN + LGF (x, y)

+ (DMΦ1)
†(DMΦ1) + δ(y)(DµΦ2)

†(DµΦ2) − V (Φ1,Φ2)
}

DM = ∂M − ig5A
a
Mτ

a/2 − ig′
5BM/2. For simplicity we will

require a discrete symmetry Φ2 → −Φ2,

V (Φ1,Φ2) = µ2
1 (Φ†

1Φ1) + λ1 (Φ†
1Φ1)

2

+ δ(y)
[ 1

2
µ2

2 (Φ†
2Φ2) +

1

2
λ2 (Φ†

2Φ2)
2

+
1

2
λ3(Φ

†
1Φ1)(Φ

†
2Φ2) +

1

2
λ4(Φ

†
1Φ2)(Φ

†
2Φ1) + λ5 (Φ†

1Φ2)
2 + h.c.

]

9-17-2009

Workshop on Multi-Higgs Models, Lisboa

5D spontaneously broken 2HD Models (page 14) DanieleDominici

Florence University



Scalar vacuum state
The vacuum state manifold corresponds to configurations
which are both energy minima and solutions of

(−∂2
y + 2)Φ1 = µ2

1Φ1 + 2λ1 (Φ†
1Φ1)Φ1

+ δ(y)
[
λ3 Φ1(Φ

†
2Φ2) + λ4 Φ2(Φ

†
2Φ1) + 2λ5 (Φ†

1Φ2)Φ2

]
,

2Φ2 = µ2
2Φ2 + 2λ2 (Φ†

2Φ2)Φ2 +
[
λ3 (Φ†

1Φ1)Φ2

+λ4 (Φ†
2Φ1)Φ1 + 2λ5 (Φ†

1Φ2)Φ1

]
|y=0

Customarily assumed (Masip, Pomarol, Casalbuoni et al , Delgado et al ,

Rizzo et , Muck et al):

Φ1 = (0, v1/
√

4πR) Φ2 = (0, v2/
√

2)
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Vacuum state
However, if we substitute such constant solutions into the
equations of motion,

0 = v1

(
µ2

1 + 2λ1

v2
1

4πR

)
,

0 = v2

(
µ2

2 + λ2v
2
2 +

v2
1

4πR
(λ3 + λ4 + 2λ5)

)
,

0 = v1 v
2
2 (λ3 + λ4 + 2λ5)

This implies
λ3 + λ4 + 2λ5 = 0

A fine tuning, with no theoretical justification, is thus required
to get a constant vacuum configuration.
Higgs fields are expanded in the standard form

Φ1(x, y) =

0
@

i√
2
(ω1 − iω2)

1√
2
(

v1√
2πR

+ h1 − iω3)

1
A , Φ2(x) =

0
@

i√
2
(π1 − iπ2)

1√
2
(v2 + h2 − iπ3)

1
A
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Gauge fixing after KK decomposition
New features: different and non diagonal mass matrices for V
and GB’s. This implies a mixing of GB(n) and V

(n)
5 .

LGF (x) = −1

ξ

∞∑
n=0

{
1

2

[
∂µA

µ
(n) − ξ

n

R
A5

(n)

]2

+
∣∣∣∂µŴ

+ µ
(n) − ξmW (n)Ĝ

+
(n)

∣∣∣
2

+
1

2

[
∂µẐ

µ
(n) − ξmZ(n)Ĝ

Z
(n)

]2
}

GF in terms of mass eigenstate gauge bosons, V̂µ = P T
V Vµ,

and would be GB, ĜV = QT
V GV. P T

V , QT
V non diagonal when

tanβ = v2/v1 6= 0.

G±
(0) = −ω±

(0), G±
(n) = cW

n W±
5 (n) + sW

n ω±
(n), n ≥ 1,

GZ
(0) = −ω3

(0), GZ
(n) = cZ

n Z5 (n) + sZ
n ω

3
(n), n ≥ 1

with sV
n = −mV cβ/

√
n2/R2 +m2

V c
2
β.

9-17-2009

Workshop on Multi-Higgs Models, Lisboa

5D spontaneously broken 2HD Models (page 17) DanieleDominici

Florence University



Equivalence theorem
The ET proof proceeds as usual simply by substituting
VL → V̂L and the would-be GB by ĜV :

T (V̂ µ
L (m), V̂

µ
L (n), . . .) ' T (ĜV

(m), Ĝ
V
(n), . . .) + O(Mk/E)

In general, for the calculations of amplitudes we would also
need the orthogonal Higgs combinations

a±
(n) = −sW

n W±
5 (n) + cW

n ω±
(n), aZ

(n) = −sZ
n Z5 (n) + cZ

n ω
3
(n)

with masses

m2
a(n)

= m2
V +

n2

R2

Vertices can be read from the lagrangian in terms of ω(n) once

reexpressed in terms of a(n) and Ĝ(n).
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Simplest case: one Higgs in the bulk
Tree level unitarity bounds from scattering of longitudinal bosons
W+

L(0)W
−
L(0), ZL(0)ZL(0) and Higgs. We use ET.

t
J=0

G
+
(0)

G
−
(0)

→G
+
(0)

G
−
(0)

=
−GF m2

h(0)

8π
√

2

2
642 +

m2
h(0)

s − m2
h(0)

−
m2

h(0)

s
log

ş
1 +

s

m2
h(0)

ť
3
75

t
J=0

G
+
(0)

G
−
(0)

→GZ
(0)

GZ
(0)

=
−GF m2

h(0)

16π

2
641 +

m2
h(0)

s − m2
h(0)

3
75

t
J=0

G
+
(0)

G
−
(0)

→h(0)h(0)

=
−GF m2

h(0)

16π

h
1 +

3m2
h(0)

s − m2
h(0)

+
4m2

h(0)

s σh(0)

log
ş s − 2m2

h(0)
− s σh(0)

2m2
h(0)

ťi

t
J=0

G
+
(0)

G
−
(0)

→a
+
(n)

a
−
(n)

=
−GF m2

h(0)

8π
√

2

h
2+

m2
h(0)

s − m2
h(0)

−
m2

h(0)

sσ
a±(n)

log
ş 2m2

a±(n)
− 2m2

h(n)
− s(1 + σ

a±(n)
)

2m2

a±(n)
− 2m2

h(n)
− s(1 − σ

a±(n)
)

ťi

t
J=0

G
+
(0)

G
−
(0)

→aZ
(n)

aZ
(n)

=
−GF m2

h(0)

16π

2
641 +

m2
h(0)

s − m2
h(0)

3
75

t
J=0

G
+
(0)

G
−
(0)

→h(n)h(n)

=
−GF m2

h(0)

16π

h
1+

3m2
h(0)

s − m2
h(0)

−
2m2

h(0)

s σh(n)

log
ş 2m2

h(n)
− 2m2

a±(n)
− s(1 + σh(n))

2m2
h(n)

− 2m2

a±(n)
− s(1 − σh(n))

ťi

where σΦ =
q

1 − 4m2
Φ

/s.
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Unitarity bounds with coupled channels
The S matrix unitarity relation SS† = 1, when

Sβα = δβα + i(2π)4δ4(pα − pβ)Tβα

translates as

Tαβ − T †
βα = i

∑
γ

TαγT
†
βγ(2π)4δ4(pα − pβ)

where α, β, ... denote the different states. Define the J − th
partial wave

tJαβ(s) =
1

32π

∫ 1

−1

d(cos θ)Tαβ(s, t, u)PJ(cos θ),

If there is only one two-body accessible state, α, each partial
wave tJαα satisfies

Im tJαα = σα | tJαα|2 ,

where σα = 2qα/
√
s and qα is the C.M. momentum of the

state α.
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By writing tJαα = |tJαα| exp(iδJ
αα), this implies the following

bound
σα |tJαα| ≤ 1

s→∞
=⇒ |tJαα| ≤ 1.

If β is different two-particle state, the unitarity relation for the
partial waves can be written as

Im tJαα = σα | tJαα|2 + σβ | tJαβ|2

Im tJαβ = σα t
J
αα (tJαβ)∗ + σβ t

J
αβ (tJββ)∗

Im tJββ = σα | tJαβ|2 + σβ | tJββ|2





−→ Im T J = T J Σ T J ∗.
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Example: the SM

For finite number of states the strongest bound from the
largest T J eigenvalue. In the SM neutral channel, only three
states are relevant, namely, α = W+

L W
−
L , β = ZLZL/

√
2,

γ = HH/
√

2:

T J=0
s→∞ =

GFM
2
H

4π
√

2




1 1/
√

8 1/
√

8

1/
√

8 3/4 1/4

1/
√

8 1/4 3/4


 −→ GFM

2
H

4π
√

2
(3/2, 1/2, 1/2) ≤ 1,

The largest one, 3/2, provides the stringent unitarity bound:

M2
H ≤ 8π

√
2/(3GF ) ' 2.7π

√
2/GF ∼ (1 TeV)2
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However, the calculation of the determinant can be extremely
complicated.
An alternative method: from

Im tJαα = σα | tJαα|2 +
∑

β 6=α

σβ | tJαβ|2,

by recalling that tJαα = |tJαα| exp(iδJ
αα) it is straightforward to

arrive to the following bound:

Unitα→α ≡ σα|tJαα| +
1

|tJαα|
∑

β 6=α

σβ | tJαβ|2 ≤ 1.

Example: the SM, T matrix in the s → ∞ limit, if we choose
α = W+

L W
−
L , then the bound:

M2
H ≤ 16π

√
2/(5GF ) ' 3.2π

√
2/GF ∼ (1.1 TeV)2

much closer to the determinant bound than the naive bound
(1.2 TeV).
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Simplest case: one Higgs in the bulk

tJ=0

G
+
(0)

G
−
(0)

→G
+
(0)

G
−
(0)

=
−GF m2

h(0)

8π
√

2

"
2 +

m2
h(0)

s − m2
h(0)

− m2
h(0)

s
log

ş
1 +

s

m2
h(0)

ť#

tJ=0

G
+
(0)

G
−
(0)

→GZ
(0)

GZ
(0)

=
−GF m2

h(0)

16π

"
1 +

m2
h(0)

s − m2
h(0)

#

tJ=0

G
+
(0)

G
−
(0)

→h(0)h(0)
=

−GF m2
h(0)

16π

h
1+

3m2
h(0)

s − m2
h(0)

+
4m2

h(0)

s σh(0)
log

şs − 2m2
h(0) − s σh(0)

2m2
h(0)

ťi

tJ=0

G
+
(0)

G
−
(0)

→a
+
(n)

a
−
(n)

=
−GF m2

h(0)

8π
√

2

h
2+

m2
h(0)

s − m2
h(0)

− m2
h(0)

sσa±(n)

log
ş2m2

a±(n)
− 2m2

h(n) − s(1 + σa±(n))

2m2
a±(n)

− 2m2
h(n) − s(1 − σa±(n))

ťi

tJ=0

G
+
(0)

G
−
(0)

→aZ
(n)

aZ
(n)

=
−GF m2

h(0)

16π

"
1 +

m2
h(0)

s − m2
h(0)

#

tJ=0

G
+
(0)

G
−
(0)

→h(n)h(n)
=

−GF m2
h(0)

16π

h
1+

3m2
h(0)

s − m2
h(0)

−2m2
h(0)

s σh(n)
log

ş2m2
h(n) − 2m2

a±(n)
− s(1 + σh(n))

2m2
h(n) − 2m2

a±(n)
− s(1 − σh(n))

ťi

where σΦ =
p

1 − 4m2
Φ/s.
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The tree level unitarity bound on mh(0)

The thick dotted line: SM (n = 0) results only from the W+
L (0)W

−
L (0)

elastic scattering, whereas the dashed line includes also the h(0)h(0),
ZL (0)ZL (0) coupled states. The continuous lines correspond to
considering the first, second, etc... KK excitations of the previous states.
Thick continuous line: the complete calculation including all the
kinematically allowed states, which, for

√
s = 10/R and 20/R, are 4 and

9 KK levels, respectively.
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The white (grey) areas: the regions where the tree level calculation
violates the unitarity bound: Unit

W
+
L (0)

W
−
L (0)

→W
+
L (0)

W
−
L (0)

> 1(0.5)

suggesting a strongly interacting regime. The bounds obtained using only
the SM fields (left), and those including the KK excitations (right).
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Vacuum solutions
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Non constant vacuum state
The bulk scalar needs to interpolate between different vacuum
choices. Generalize our request for the VEV:

〈Φ1(x, y)〉 =

(
0

ϕ1(y)

)
, 〈Φ2(x)〉 =

(
0
ϕ2

)

For ease of illustration, λ4 = λ5 = 0 leading to

∂2
yϕ1(y) − ϕ1(y)

[
µ2

1 + 2λ1ϕ1(y)
2 + δ(y)λ3ϕ

2
2

]
= 0

ϕ2

[
µ2

2 + 2λ2 ϕ
2
2 + λ3 ϕ1(y)

2
] |y=0 = 0

The above solutions have an associated energy density per
unit volume:

H =

∫ πR

−πR

dy[(∂yϕ1(y))
2 + µ2

1ϕ1(y)
2 + λ1ϕ1(y)

4

+ δ(y)
(
µ2

2ϕ
2
2 + λ2ϕ

4
2 + λ3ϕ1(y)

2ϕ2
2

)
]

Energy of trivial solutions ϕ1,2 = 0 is zero.
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Non constant vacuum state
As usually done, we solve

∂2
yϕ1(y) − ϕ1(y)

[
µ2

1 + 2λ1ϕ1(y)
2
]
= 0

in the bulk regions y < 0 and y > 0 separately, and then
connecting both pieces using the following boundary
conditions

✦ continuity in y = 0:

ϕ1(0
−) = ϕ1(0

+) ≡ ϕ1(0);

✦ discontinuity of the first derivative in y = 0 with a gap
λ3ϕ

2
2ϕ1(0):

ϕ′
1(0

+) − ϕ′
1(0

−) = λ3ϕ
2
2ϕ1(0),

where we should have

ϕ2
2 = − µ2

2

2λ2

− ϕ1(0)
2λ3

2λ2

, with ϕ2
2 > 0.
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Non constant solutions in terms of Jacobi elliptic
functions

For α = 8e0λ1

µ4
1
< 0:

ϕA
1 (y) = ± |µ1|√

2λ1

√
1 + β2 nc

(
|µ1|β(y − y0),

1

2
(1 − 1

β2
)

)
,

For 0 < α < 1:

ϕB1
1 (y) = ± |µ1|√

2λ1

√
1 − β2 sn

( |µ1|√
2

√
1 + β2(y − y0),

1 − β2

1 + β2

)
,

with β2 =
√

1 − α.
For α > 1 a more complicated combination of Jacobi
functions.

e0, y0 to be determined by BC’s.
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Imposing BC’s

✦ The presence of brane terms implies non trivial BC’s

✦ Different choices possible

✦ In general BC’s not analytically solvable

✦ We have built explicit examples to illustrate different
vacuum behaviour
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Example 1

✦ With the choice πR = (1 TeV)−1, |µ1| = 165 GeV, λ1 =
0.5 × 2πR, λ2 = 1, λ3 = 0.85 × 2πR, |µ2| = 220 GeV we found a vacuum
solution of the type B1 with β ' 0.79, y0 ' GeV−1.

✦ The energy density ∼ −(179 GeV)4, which is less than the (0 GeV)4

associated with the trivial static solution, ⇒ spontaneous symmetry
breakdown.

-ΠR 0 ΠR
142

143

144

145

142

143

144

145
j1

�!!!!!!!!!!!!4 Π R (GeVL

Vacuum configuration almost constant. Only a negligeable
distortion in KK modes.
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Example 2
Let us allow for a discontinuity of the first derivative in
y = πR: the simplest possibility a brane mass term

δ(y − πR)(−2κΦ†
1Φ1)

The BC on the second brane

∂yΦ1|πR− = kΦ1|πR−

Parameters: πR = (1TeV)−1, |µ1| = 60 GeV, λ1 = 0.5 × 2πR, λ2 = 2, λ3 =
10 × 2πR, |µ2| ' 349 GeV k = 229 GeV with β ' 0.1 and
y0 ' 0.15GeV−1. The energy density in this case is ' −(245GeV)4, again
indicating a spontaneous symmetry breaking.

-ΠR 0 ΠR
11

13

15

17

19

11

13

15

17

19

j1
�!!!!!!!!!!!!4 Π R (GeVL

The constant approximation would not be appropriate, since
the difference between ϕ1(0) and ϕ1(πR) is more than 20%.
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Effective 4D vacuum state via holography

The holographic procedure requires the explicitation of the
y-dependence of the Φ1 field; solve the equations of motion,
with suitable boundary conditions. Then this y dependence is
integrated out to get an effective 4-dimensional action.

Φ1(x, y) →
(

0
h1(x,y)√

2

)
, Φ2(x) →

(
0

h2(x)√
2

)

LS =
1

2
∂Mh1∂

Mh1 − 1

2
µ2

1h
2
1 − λ1

4
h4

1 + δ(y)

(
1

2
∂µh2∂

µh2

− 1

2
µ2

2h
2
2

λ2

4
h4

2 − λ3

4
h2

1h
2
2

)
− δ(y − πR)kh2

1

∂M∂
Mh1 − |µ1|2h1 + λ1h

3
1 + Brane terms = 0
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First approximation, neglecting the λ1-proportional interaction
term while solving the e.o.m.;

∂2
yh1(p, y) = −(|µ1|2 + p2)h1(p, y),

where p2 = pµp
µ. The general solution

h1 = A(p) cos(ω(y − y0)), ω =
√

|µ1|2 + p2.

Impose appropriate BC’s to fix the integration constants A
and y0. On the y = 0 brane h1 is equal to a purely
4-dimensional “source field”, h̃1:

h1(y = 0, p) = h̃1(p),

while on the y = πR brane the BC used both for the vacuum
configuration:

∂yh1(y = πR, p) =
1

2

δVR

δh1

∣∣∣∣
πR

=
k

2
h1(y = πR, p).
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Holography with no brane terms at y = πR

h1(y, p) = h̃1(p)
cosω(y − πR)

cosωπR
.

Bulk Lagrangian
∫ πR

−πR

dyLS = ω tan(ωπR) h̃2
1

− λ1

2 cos4(ωπR)

(
3

8
πR+

1

4ω
sin(2ωπR) +

1

32ω
sin(4ωπR)

)
h̃4

1

+
1

2
∂µh2∂

µh2 +
|µ2|2

2
h2

2 − λ2

4
h4

2 − λ3

4
h̃2

1h
2
2.

Expand for p2 << (πR)−1, h̃1 → h̃1√
2πR

Leff
S =

1

2
∂µh̃1∂

µh̃1 +
1

2
|µ1|2h̃2

1 − λ1

8πR
h̃4

1

+
1

2
∂µh2∂

µh2 +
|µ2|2

2
h2

2 − λ2

4
h4

2 − λ3

8πR
h̃2

1h
2
2.
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The potential energy in this Lagrangian has nontrivial minima
at

〈h̃2
1〉 =

16(πR)2λ2|µ1|2 − 4πRλ3|µ2|2
8πRλ1λ2 − λ2

3

〈h̃2
2〉 =

4πR(2λ1|µ2|2 − λ3|µ1|2)
8πRλ1λ2 − λ2

3

.

A comparison with the exact calculation using the numerical
values of example 2 shows almost perfect agreement.
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Holography with brane terms at y = πR

h1(y, p) = h̃1(p)
ω cos(ω(y − πR)) + k sin(ω(y − πR))

ω cos(ωπR) − k sin(ωπR)
.

Same procedure and good agreement.
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Conclusions

✦ 5D 2HDM with compactification scale M = R−1 ∼ TeV.
Present bounds, 2-6 TeV, can be tested at LHC.

✦ Extension of ET to spontaneously broken 5D 2HDM

✦ Derivation of stronger unitarity bound on mH when many
intermediate states are available

✦ Check how the explicit breaking of translational invariance
on the extra dimension induced by delta-like interactions
between scalar bulk and brane fields modifies the naively
expected pattern of spontaneous symmetry breakdown

✦ Constant non trivial solutions for the scalar field in the bulk
cannot be found. Vacuum configuration for the scalar bulk
field depends on the extra coordinate y.

✦ We have illustrated the shape of two examples: in the first
one, the y dependence is weak, so that a constant
configuration may still be a good approximation; in the
second example, the constant solution would only be a
poor approximation to the actual vacuum configuration.
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Further developments

✦ How the Kaluza-Klein spectrum of both the scalar and
gauge fields is modified in a model with brane-bulk
interaction

✦ How these effects modify the scattering of longitudinal
gauge bosons among themselves and with Higgs bosons.

✦ In addition, one can test how a y-dependent vacuum
expectation value of the Higgs field would modify the
generated fermion masses.
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